Diabetes is a worldwide and national threat. The total number of people with diabetes is projected to rise from 366 million in 2011 to an estimated 552 million by 2030 ([@B1]). Diabetes is a known major risk factor for cardiovascular disease, metabolic syndrome, dyslipidemia, and end-stage renal disease ([@B2]). Patients with diabetes require optimal glycemic control and prevention of diabetes complications to improve their quality of life ([@B3]). Pharmacological therapy, as monotherapy or combination therapy, is often necessary to achieve glycemic control in the management of diabetes. However, it has been reported that neither sulfonylureas nor biguanides can significantly alter the rate of progression of hyperglycemia in type 2 diabetic patients ([@B4]). Hypoglycemia and weight gain are the main side effects of conventional insulin secretagogues sulfonylureas ([@B5]). Among the risks of the thiazolidinediones, including rosiglitazone and pioglitazone, are weight gain, edema, anemia, pulmonary edema, and congestive heart failure ([@B5]). Therefore, development of new antihyperglycemic agents with safety and effectiveness is an urgent need.

Traditional medicines derived from medicinal plants are used by ∼70% of the world's population ([@B6]). As alternatives to synthetic chemical compounds, plants are an important source for hypoglycemic drugs, which are widely used in several systems of traditional medicine to prevent diabetes ([@B7],[@B8]). Several fern plants have been shown to possess hypolipidemic, hypoglycemic, vascular protective, anti-inflammatory, and antinociceptive activities ([@B9]--[@B12]). Several pterosin compounds isolated from fern plants have been shown to have smooth muscle relaxant, leishmanicidal, and anticancer activities in vitro ([@B13]--[@B15]). The antidiabetic activity of pterosin compounds still remains unclear. Pterosin A, a natural product with a molecular weight of 248.3, can be isolated from several fern plants (chemical structure is shown in [Fig. 1*A*](#F1){ref-type="fig"}).

![*A*: Chemical structure of pterosin A. Effects of pterosin A on hyperglycemia, glucose intolerance, and body weight in a STZ-induced diabetic mouse (DM) model. The STZ-induced diabetic mice were orally treated with pterosin A (10--100 mg/kg) for 4 weeks, and the oral glucose tolerance test was performed (*B*) and the body weights were measured (*C*). *D*: Mice were pretreated with pterosin A for 3 days, STZ was injected, and the oral glucose tolerance test was performed after 1 week. Data are presented as mean ± SEM (*n* = 8). \**P* \< 0.05 vs. diabetic mice without pterosin A; *\#P* \< 0.05 vs. diabetic mice alone.](628fig1){#F1}

Here, we investigated the effect and possible mechanism of pterosin A, which was isolated from a fern plant *Hypolepis punctata* (Thunb.) Mett., on glucose metabolism in diabetic animals. The antidiabetic activity of pterosin A was investigated in several diabetic mouse models. Blood glucose levels are maintained by the balance between glucose uptake by peripheral tissues and glucose secretion by the liver. We also tested the involvement of glucose uptake and gluconeogenesis-related signaling molecules in the antihyperglycemic effect of pterosin A. The results showed that the antihyperglycemic effect of pterosin A is associated with inhibited gluconeogenesis in the liver and enhanced glucose consumption in peripheral tissues.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Preparation of pterosin A. {#s2}
--------------------------

The fresh whole plants of *Hypolepis punctata* (Thunb.) Mett. were extracted with methanol to afford the crude extracts, which were then partitioned between *n*-hexane, ethyl acetate, and H~2~O. The ethyl acetate fraction was subject to chromatographies to isolate and purify the tested compound pterosin A. The purity of pterosin A was 99.7% as determined by high-performance liquid chromatography. The structure of pterosin A ([Fig. 1*A*](#F1){ref-type="fig"}) was elucidated using one- and two-dimensional nuclear magnetic resonance spectroscopy and mass spectrometry; the data are presented below:

Pterosin A: C~15~H~20~O~3~, m.p. 122--123°C, −45.0° (c = 0.1, MeOH), a tan amorphous powder.

^1^H-NMR (Methanol-d~4~, 500 MHz) δ, ppm: 1.08 (s, 3H, H-10), 2.43 (s, 3H, H-15), 2.65 (s, 3H, H-14), 2.71 (d, J = 17.1 Hz, 1H, H-3), 2.98 (t, 2H, J = 7.6 Hz, H-12), 3.22 (d, J = 17.1 Hz, 1H, H-3), δ3.45 (d, J = 10.7 Hz, 1H, H-11), 3.60 (t, 2H, J = 7.6 Hz, H-13), δ3.70 (d, J = 10.7 Hz, 1H, H-11), 7.15 (s, 1H, H-5).

^13^C-NMR (Methanol-d4, 125 MHz) δ, ppm: 13.8 (C-14), 21.0 (C-15), 21.4 (C-10), 31.8 (C-12), 36.9 (C-3), 50.6 (C-2), 61.6 (^13^C), 68.2 (^11^C), 125.9 (C-5), 131.6 (C-9), 135.1 (C-7), 138.3 (C-8), 145.0 (C-6), 152.3 (C-4), 211.9 (C-1).

Experimental animals. {#s3}
---------------------

The protocols in this study were approved by the institutional animal care and use committee, and the care and use of laboratory animals were conducted in accordance with the guidelines of the animal research committee of the College of Medicine, National Taiwan University. The mice used in this study were treated humanely and with regard for alleviation of suffering.

### Crj:CD-1 (ICR) mice. {#s4}

Male ICR mice (4 weeks old) were purchased from the Animal Center of the College of Medicine, National Taiwan University, Taipei, Taiwan. The mice were housed five per cage under standard laboratory conditions at a constant temperature 22 ± 2°C with 12-h light/dark cycles ([@B1]).

### Experimental diabetic mice. {#s5}

Mice were fasted overnight and then were intraperitoneally injected with 100 mg/kg streptozotocin (STZ; Sigma). STZ was dissolved in sodium citrate buffer (pH 4.5) and injected within 15 min of preparation. One week after STZ injection, the blood glucose levels reached more than 400 mg/dL. Age-matched mice were treated with vehicle. The STZ-induced diabetic mice were then orally treated with pterosin A (10--100 mg/kg) or vehicle for 4 weeks ([@B2]).

### High-fat diet (HFD)--induced diabetic mice. {#s6}

The mice had free access to standard rodent chow (fat content, 2% kcal; age-matched control mice) or an HFD (fat content, 60% kcal based on lard; TestDiet, Richmond, IN) for 8 weeks and then were orally treated with pterosin A (100 mg/kg) or vehicle for 4 weeks ([@B3]).

### Dexamethasone-induced insulin-resistance (IR) mouse model. {#s7}

Mice were daily treated with dexamethasone (1 mg/kg, i.p.) in the presence or absence of pterosin A (100 mg/kg, oral) or metformin (300 mg/kg, oral) for 1 week. Age-matched mice were given an equal volume of normal saline.

### *db/db* diabetic mice. {#s8}

Male C57BL6 *db/db* mice and nondiabetic littermate control *db/m* mice (6 weeks old) were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were housed in a room at a constant temperature of 22 ± 2°C with 12-h light/dark cycles. Mice were orally treated with pterosin A (100 mg/kg) or vehicle for 4 weeks and then were killed by exsanguination under anesthesia after blood samples were collected. Fasting blood glucose and insulin were measured. The homeostasis model assessment IR (HOMA-IR) index was calculated as follows: fasting glucose (mmol/L) × fasting insulin (mU/L)/22.5.

Oral glucose tolerance and insulin tolerance tests. {#s9}
---------------------------------------------------

The oral glucose tolerance test was performed as described previously ([@B16]). Mice with or without drug treatment received an oral glucose challenge (1 g/kg). Blood samples were collected before and at 15, 45, 75, and 105 min after delivery of the glucose load. The insulin tolerance test was performed after an 8-h fast, and insulin (1 unit/kg) was administered by intraperitoneal injection. Blood samples were collected from the orbital sinus of each mouse at 0, 30, and 60 min after the insulin injection.

Measurements of blood glucose and insulin. {#s10}
------------------------------------------

Blood glucose levels were determined using the SURESTEP blood glucose meter (LifeScan). To measure the amount of insulin, aliquots of samples were collected from the serum at indicated intervals and analyzed by an insulin antiserum immunoassay according to the instructions of the manufacturer (Mercodia AB).

Cell culture {#s11}
------------

### Rat hepatic H4-IIE cells and human hepatic HepG2 cells. {#s12}

The cells were cultured in a humidified chamber with a 5% CO~2~ and 95% air mixture at 37°C and maintained in Dulbecco's modified Eagle's medium containing glucose (4.5 g/L) and [l]{.smallcaps}-glutamine (2 mmol/L), supplemented with 10% FBS and 1% penicillin-streptomycin.

### Human primary skeletal muscle cells. {#s13}

Skeletal muscle biopsy samples (∼0.2 g) were obtained from patients in the course of orthopedic surgery, with institutional ethical committee approval and informed consent, at the National Taiwan University Hospital, Taipei, Taiwan. Human myoblasts were isolated and differentiated to myotubes, as previously described ([@B17]). The cells were cultured in Ham's F-10 supplemented with 20% FBS, 2.5 ng/mL basic fibroblastic growth factor, and 1% penicillin-streptomycin in 5% CO~2~ at 37°C.

### Rat β-cell line RINm5F cells. {#s14}

The cells were cultured in a humidified chamber with a 5% CO~2~ and 95% air mixture at 37°C and maintained in RPMI 1640 medium supplemented with 10% FBS and 1% penicillin-streptomycin.

Western blotting. {#s15}
-----------------

The experiments were performed as described previously ([@B18]). The equivalent of 30--50 μg total protein was subjected to electrophoresis on 10% SDS-polyacrylamide gels. The membrane was blocked for 1 h in PBS and 0.01% Tween-20 containing 5% nonfat dry milk and incubated with anti--GLUT-4, anti--phospho-AMP--activated protein kinase (AMPK), anti--phospho-acetyl CoA carboxylase (ACC), anti-glycogen synthase kinase 3 (GSK3)-α/β, anti--phospho-GSK3-α/β, anti-glycogen synthase (GS), anti--phospho-GS (Cell Signaling Technology), anti-phosphoenolpyruvate carboxyl kinase (PEPCK), anti-p38, anti--phospho-p38, and anti--α-tubulin (Santa Cruz Biotechnology, Inc.) antibodies. After the membranes were washed in PBS and 0.01% Tween-20, the respective secondary antibodies conjugated to horseradish peroxidase were applied for 1 h. The antibody-reactive bands were identified by enhanced chemiluminescence reagents (Amersham Pharmacia Biotech) and exposed on Kodak radiographic film.

Real-time quantitative PCR analysis. {#s16}
------------------------------------

H4-IIE cells were cultured with or without pterosin A in the presence or absence of PEPCK inducers 8-bromo-cAMP (62.5 μmol/L) and dexamethasone (62.5 nmol/L) ([@B19]) for 24 h. Total RNA was isolated from the cells with Trizol reagent. The relative mRNA expression for *PEPCK* was determined by real-time quantitative PCR as previously described ([@B20]). Briefly, 0.5--1 μg total RNA was used for the reverse transcription of RNA to cDNA using avian myeloblastosis virus reverse transcriptase (Promega). Each sample (2 μL cDNA) was tested with real-time SYBR Green PCR reagent (Invitrogen) with specific primers (forward and reverse \[5′ to 3′\]): *PEPCK*: GAGTGCCCATCGAAGGCAT and CCAGTGCGCCAGGTACTTG; *β-actin*: GCCCTAGACTTCGAGC and CTTTACGGATGTCAACGT. Amplification was performed using an ABI StepOnePlus sequence detection system (PE, Applied Biosystems), and data were analyzed using StepOne 2.1 software (Applied Biosystems).

Measurement of intracellular glycogen. {#s17}
--------------------------------------

H4-IIE cells were seeded at 1 × 10^6^ cells/well in a 6-well plate and allowed to adhere and recover overnight. Cells were changed to fresh media and incubated with or without pterosin A. After 24-h treatment, intracellular glycogen was extracted as previously described ([@B21]), and the amount of glycogen was determined by a glycogen assay kit (BioVision).

Cell viability assay. {#s18}
---------------------

Cell proliferation was determined by a colorimetric assay using 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma). This assay measures the activity of living cells via mitochondrial dehydrogenase activity that reduces MTT to purple formazan. The formazan was solubilized by DMSO, and its absorbance at 570 nm was measured.

Measurement of glucose uptake. {#s19}
------------------------------

A fluorescent glucose analog 2-(*N*-\[7-nitrobenz-2-oxa-1,3-diazol-4-yl\]amino)-2-deoxyglucose (2-NBDG; Invitrogen) was used to measure glucose uptake in primary human skeletal muscle cells. A total of 10^4^ cells/well were seeded in a black 96-well tissue culture plate. Cells were washed with Krebs-Ringer buffer. Cells were preincubated for 30 min with pterosin A (10--150 μg/mL) or/and insulin (100 nmol/L) at 37°C. 2-NBDG was added at a final concentration of 100 μmol/L, the uptake proceeded for 30 min at 37°C, and then cells were washed with PBS. Fluorescence in the cells was measured at an excitation wavelength of 485 nm and an emission wavelength of 535 nm with a fluorescence microplate reader.

Measurement of nitric oxide (NO) production. {#s20}
--------------------------------------------

Nitrite (NO~2~^−^) concentrations in the culture supernatants were measured by the Griess reagent (Active motif), and absorbance was determined at 540 nm.

Statistical analysis. {#s21}
---------------------

The data are given as means ± SEM. When more than one group was compared with one control, significance was evaluated according to one-way ANOVA. Duncan's post hoc test was applied to identify group differences. Probability values of \<0.05 were considered significant.

RESULTS {#s22}
=======

Effects of pterosin A on hyperglycemia and glucose intolerance in several diabetic animal models. {#s23}
-------------------------------------------------------------------------------------------------

We first investigated the antihyperglycemic effects of pterosin A on several well-known mouse models of diabetes. Pterosin A (10--100 mg/kg) administered orally for 4 weeks effectively improved hyperglycemia and glucose intolerance in several diabetic mouse models, including STZ injection ([Fig. 1*B*](#F1){ref-type="fig"}), HFD-fed ([Fig. 2*A*](#F2){ref-type="fig"}), and *db/db* diabetic mice ([Fig. 2*C*](#F2){ref-type="fig"}). Pretreatment with pterosin A (100 mg/kg) before STZ injection also provided protection against STZ-induced hyperglycemia ([Fig. 1*D*](#F1){ref-type="fig"}). Pterosin A reversed the decreased body weight in STZ diabetic mice ([Fig. 1*C*](#F1){ref-type="fig"}) and the increased body weight in HFD-fed mice ([Fig. 2*B*](#F2){ref-type="fig"}) and *db/db* diabetic mice ([Fig. 2*D*](#F2){ref-type="fig"}).

![Effects of pterosin A on hyperglycemia, glucose intolerance, and body weight in HFD-fed--induced and *db/db* diabetic mouse models. The HFD-fed--induced (*A* and *B*) or *db/db* (*C* and *D*) diabetic mice were orally treated with pterosin A (100 mg/kg) for 4 weeks, oral glucose tolerance tests were performed, and body weights were measured. Data are presented as mean ± SEM (*n* = 8). \**P* \< 0.05 vs. diabetic mice without pterosin A.](628fig2){#F2}

Pterosin A showed no influence on food intake in diabetic mice (data not shown). The increased serum levels of total cholesterol and LDL-cholesterol in HFD- and STZ-induced diabetic mice were also reversed by the pterosin A treatment ([Fig. 3*A* and *B*](#F3){ref-type="fig"}). Pterosin A was capable of decreasing the increased serum blood urea nitrogen, creatinine ([Fig. 3*C*](#F3){ref-type="fig"}), aspartate aminotransferase, and alanine aminotransferase levels ([Fig. 3*D*](#F3){ref-type="fig"}) in STZ-induced diabetic mice. No adverse effects were observed in normal control mice treated with pterosin A (100 mg/kg) for 4 weeks, including behavior, blood pressure, heart rate, blood glucose, organ weights, blood biochemical markers, and pathological examination (data not shown). We also completed an acute oral limit test for pterosin A, at a dose of 5,000 mg/kg, and no deaths or other toxic symptoms appeared (data not shown).

![Effects of pterosin A on serum levels of lipid, blood urea nitrogen (BUN), creatinine, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) in HFD-fed or STZ-induced diabetic mouse (DM) models. The HFD-feeding or STZ-induced diabetic mice were orally treated with pterosin A (100 mg/kg) for 4 weeks. Serum lipids (total cholesterol, triglyceride, LDL-cholesterol, HDL-cholesterol) (*A* and *B*), BUN and creatinine (*C*), and AST and ALT (*D*) levels were measured in fasting mice. Data are presented as mean ± SEM (*n* = 8). \**P* \< 0.05 vs. control. \#*P* \< 0.05 vs. STZ or HFD diabetic mice without pterosin A.](628fig3){#F3}

Effect of pterosin A on IR in the mouse models. {#s24}
-----------------------------------------------

We next test the effect of pterosin A on IR in dexamethasone-treated mice and *db/db* diabetic mice. As shown in [Fig. 4](#F4){ref-type="fig"}, serum insulin levels, HOMA-IR index, and insulin intolerance were increased in a dexamethasone-induced IR mouse model. Pterosin A (100 mg/kg) and metformin (300 mg/kg, as a positive control) administered orally for 1 week significantly reversed IR in the dexamethasone-treated mice. The levels of serum insulin, HbA~1c~, and the HOMA-IR index were markedly enhanced in *db/db* diabetic mice, which were also significantly reversed by the oral administration of pterosin A (100 mg/kg) for 4 weeks ([Fig. 5*A*--*C*](#F5){ref-type="fig"}). Moreover, immunohistochemical insulin staining for islet hypertrophy showed that pterosin A treatment effectively reversed the islet hypertrophy in pancreas of *db/db* mice ([Fig. 5*D*](#F5){ref-type="fig"}).

![Effects of pterosin A on serum insulin, HOMA-IR, and insulin intolerance in a dexamethasone-induced IR mouse model. Mice were intraperitoneally treated with dexamethasone (Dex, 1 mg/kg) for 1 week and then were orally treated with pterosin A (Pte, 100 mg/kg) or metformin (Met, 300 mg/kg) for 1 week, and serum insulin (*A*), HOMA-IR (*B*), and insulin tolerance test (*C*) were detected. Data are presented as mean ± SEM (*n* = 5). \**P* \< 0.05 vs. control. \#*P* \< 0.05 vs. dexamethasone group without pterosin A.](628fig4){#F4}

![Effects of pterosin A on serum insulin, HbA~1c~, HOMA-IR index, and islet hypertrophy in *db/db* diabetic mice. Diabetic mice were orally treated with pterosin A (100 mg/kg) for 4 weeks, and the serum insulin (*A*), HbA~1c~ (*B*), HOMA-IR (*C*), and immunohistochemical insulin staining for pancreatic islet hypertrophy (*D*) were detected. Data are presented as mean ± SEM (*n* = 8). \**P* \< 0.05 vs. control. \#*P* \< 0.05 vs. diabetic mice without pterosin A. (A high-quality color representation of this figure is available in the online issue.)](628fig5){#F5}

Effects of pterosin A on glucose uptake and gluconeogenesis-related signaling molecules in diabetic mice and cultured muscle and liver cells. {#s25}
---------------------------------------------------------------------------------------------------------------------------------------------

Next, we tested whether glucose uptake and gluconeogenesis-related signal molecules are involved in the effect of pterosin A. As shown in [Fig. 6](#F6){ref-type="fig"}, pterosin A (100 mg/kg) administered orally for 4 weeks was capable of reversing the reduced GLUT-4 translocation from the cytosol to the membrane fraction and the decreased phosphorylated AMPK and phosphorylated Akt protein expressions in the skeletal muscles of STZ-induced diabetic mice ([Fig. 6*A*](#F6){ref-type="fig"}) and *db/db* diabetic mice ([Fig. 6*B*](#F6){ref-type="fig"}). Moreover, pterosin A (50 μg/mL) significantly increased 2-NBDG uptake ([Fig. 6*Ca*](#F6){ref-type="fig"}) and phosphorylated AMPK expression ([Fig. 6*Cb*](#F6){ref-type="fig"}) in cultured primary human skeletal muscle cells.

![Effects of pterosin A on the glucose uptake--related signal proteins in skeletal muscles of diabetic mice (DM) and cultured primary human skeletal muscle cells. The STZ-induced diabetic mice (*A*) and *db/db* diabetic mice (*B*) were orally treated with pterosin A (100 mg/kg) for 4 weeks. *A*: Protein expressions of muscle GLUT-4 (*a)*, phosphorylated AMPK (*b*), and phosphorylated Akt (*c*) were determined by Western blotting. *C*: Uptake of 2-NBDG (*a*) and phosphorylated AMPK expression (*b*) in cultured primary human skeletal muscle were detected. Data in *A* and *Ca* are presented as mean ± SEM (*n* = 4). \**P* \< 0.05 vs. control. \#*P* \< 0.05 vs. diabetic mice without pterosin A or with pterosin A alone in cultured cells. *B* and *Cb*: Representative images of three independent experiments are shown.](628fig6){#F6}

Pterosin A (100 mg/kg) was also capable of reversing the increased PEPCK expression in the livers ([Fig. 7*A*](#F7){ref-type="fig"}) of STZ-induced diabetic mice. Moreover, pterosin A (100 mg/kg) reversed the reduced phosphorylations of AMPK and Akt, increased p38 phosphorylation, and increased PEPCK and GLUT-2 protein expressions in the livers of *db/db* diabetic mice ([Fig. 7*B*](#F7){ref-type="fig"}). However, the results of in vitro studies showed that pterosin A (50--150 μg/mL) effectively triggered the phosphorylations of AMPK and its downstream signal ACC ([Fig. 7*Ca*](#F7){ref-type="fig"}) and increased the GSK3-α/β phosphorylation and decreased the GS phosphorylation ([Fig. 7*Cb*](#F7){ref-type="fig"}) in cultured rat hepatic cell line H4-IIE cells. Similarly, pterosin A (150 μg/mL) from a plant extract source and pterosin A (150 μg/mL) from a chemically synthesized source both effectively triggered the phosphorylations of AMPK and Akt proteins in cultured human hepatic cell line HepG2 cells ([Fig. 7*D*](#F7){ref-type="fig"}). Moreover, pterosin A (50--150 μg/mL) effectively inhibited 8-bromo-cAMP/dexamethasone-enhanced *PEPCK* mRNA expression in a dose-dependent manner ([Fig. 8*A*](#F8){ref-type="fig"}) and significantly enhanced the intracellular glycogen contents ([Fig. 8*B*](#F8){ref-type="fig"}) in H4-IIE cells.

![Effects of pterosin A on the liver gluconeogenesis--related signal proteins in diabetic mice (DM) and cultured liver cells. STZ-induced diabetic mice (*A*) and *db/db* diabetic mice (*B*) were orally treated with pterosin A (100 mg/kg) for 4 weeks. The protein expressions of liver gluconeogenesis--related signal proteins (PEPCK, phosphorylated AMPK, phosphorylated Akt, and phosphorylated p38) and GLUT-2 were determined by Western blotting. Phosphorylations of AMPK, Akt, ACC, GSK3-α/β, and GS in cultured H4-IIE (*C*) and HepG2 (*D*) liver cells treated with pterosin A (50--150 μg/mL) for 0.5--4 h were detected. *Db*: Pterosin A from a chemically synthesized source was used. *A*: Data are presented as mean ± SEM (*n* = 4). \**P* \< 0.05 vs. control (C). \#*P* \< 0.05 vs. diabetic mice without pterosin A. *B*--*D*: Representative images of three independent experiments are shown.](628fig7){#F7}

![Effects of pterosin A on *PEPCK* mRNA expression and intracellular glycogen in cultured liver cells and on cell viability and nitrite production in cultured β-cells. *A*: Hepatic H4-IIE cells were treated with pterosin A (50--150 μg/mL) in the presence or absence of PEPCK inducer for 24 h, and the expressions of *PEPCK* mRNA were determined by real-time PCR. *B*: H4-IIE cells were treated with pterosin A (50--150 μg/mL) for 24 h, and intracellular glycogen levels were measured. *C*: β-Cell line RINm5F cells were treated with pterosin A (10--150 μg/mL) for 24 h in the presence or absence of STZ (5 mmol/L; *a, b*) or interleukin (IL)-1β (5 ng/mL; *c*), and then the cell viability (*a*) and nitrite (*b, c*) production were measured. All data are presented as mean ± SEM of three to five independent experiments. \**P* \< 0.05 vs. control. \#*P* \< 0.05 vs. PEPCK inducer alone or STZ alone or IL-1β alone.](628fig8){#F8}

Effects of pterosin A on cell viability and NO production in β-cells. {#s26}
---------------------------------------------------------------------

Pterosin A (10--150 μg/mL) effectively reversed the STZ-reduced cell viability and STZ-increased NO production in β-cell line RINm5F cells in a dose-dependent manner ([Fig. 8*Ca* and *b*](#F8){ref-type="fig"}). Moreover, pterosin A (10--150 μg/mL) also significantly reversed the interleukin-1β--increased nitrite production in RINm5F cells in a dose-dependent manner ([Fig. 8*Cc*](#F8){ref-type="fig"}).

DISCUSSION {#s27}
==========

In this study, we demonstrate for the first time that pterosin A, a small-molecular-weight natural product, can effectively alleviate the hyperglycemia, glucose intolerance, insulin resistance, dyslipidemia, and islet hypertrophy in diabetic mouse models. Pterosin A improves diabetes through mechanisms in the inhibition of liver gluconeogenesis and the enhancement of glucose disposal. Moreover, pterosin A can improve the decreased body weight in STZ-diabetic mice and the increased body weight in HFD-fed mice and in *db/db* diabetic mice, which may be attributed to the ability of pterosin A to significantly improve glucose homeostasis and insulin resistance ([@B22],[@B23]).

Glucose homeostasis in circulation is maintained by the balance between the rate of glucose entering the circulation (glucose appearance) and the rate of glucose removal from the circulation (glucose disappearance). In a normal individual under the fed state, insulin suppresses gluconeogenesis and glycogenolysis in the liver and enhances glucose disposal in the peripheral tissues; however, in a diabetic individual, hepatic glucose production is elevated and glucose appearance exceeds glucose disappearance in the circulation, causing postprandial hyperglycemia ([@B24]). To control blood glucose levels, insulin promotes glucose uptake into adipocytes and skeletal muscle cells through an activation of a cascade of signal transduction, which stimulates GLUT-4, an insulin-responsive glucose transporter protein, from intracellular sites (cytosol) to the cell membrane ([@B25],[@B26]). In type 2 diabetic patients, impaired glucose transport in skeletal muscles has been demonstrated to be a major factor responsible for reduced glucose uptake in whole body ([@B27],[@B28]). Over-expression of GLUT-4 in skeletal muscles has been shown to improve glucose homeostasis in several diabetic animal models and protect against the development of diabetes ([@B28]). GLUT-4 has been suggested as a therapeutic target for pharmacological intervention strategies to control diabetic hyperglycemia ([@B26],[@B28]).

In addition, phosphoenolpyruvate gluconeogenesis and hepatic glucose production have been found to be increased in type 2 diabetic patients ([@B29]). The excess gluconeogenesis of the fasting state has also been demonstrated to be carried over to the insulinized state, causing to glucose overproduction in type 2 diabetic patients ([@B30]). PEPCK, a rate-limiting enzyme in gluconeogenesis, is negatively regulated by insulin and is highly resistant in hyperinsulinemic diabetic models ([@B31],[@B32]). It has been mentioned that acquired or genetic defects in insulin or other signal transduction pathways may lead to increased *PEPCK* gene expression and gluconeogenesis ([@B31]). Gómez-Valadés et al. ([@B33]) demonstrated that hepatic PEPCK partial silencing with RNA interference significantly lowered hyperglycemia and improved glucose tolerance in diabetic mice. Moreover, GLUT-2 is known to transport glucose across the plasma membrane of liver ([@B34]). GLUT-2 in the liver of a type 2 diabetic animal model was found to be upregulated ([@B35]).

In the current study, we found that pterosin A significantly reversed the reduced GLUT-4 translocation to membrane in the skeletal muscles and the increased protein expressions of PEPCK and GLUT-2 in the livers of diabetic mice. The in vitro studies also showed that pterosin A significantly increased glucose uptake in cultured human skeletal muscle cells and effectively inhibited 8-bromo-cAMP/dexamethasone--enhanced *PEPCK* mRNA expression in cultured liver cells. These results indicate that the inhibition in liver gluconeogenesis and the enhancement in muscle glucose disposal are involved in the pterosin A-induced antidiabetic action.

The intracellular AMPK signaling cascade is a cellular energy status sensor. AMPK activity is switched on when the intracellular AMP-to-ATP ratio is elevated. Activation of AMPK is known to downregulate several biosynthetic pathways, such as fatty acid synthesis and gluconeogenesis in the liver, and to switch on several catabolic pathways for ATP generation such as glucose uptake (upregulation of GLUT-4) and glycolysis ([@B36],[@B37]). Activation of AMPK triggers intracellular metabolic changes that would be beneficial in diabetic patients, such as increased glucose uptake in muscles and other tissues, decreased glucose production in the liver, and decreased synthesis and increased fatty acid oxidation ([@B36],[@B37]). It has been shown that p38 MAPK mediates pH-responsive induction of *PEPCK* mRNA in a gluconeogenic and pH-responsive renal proximal tubule-like cell line ([@B38]). Inhibition of p38 signaling has also been demonstrated to suppress gluconeogenesis along with the expressions of genes of *PEPCK* and glucose-6-phosphatase in the liver ([@B39]). Berasi et al. ([@B40]) have demonstrated that AMPK activation inhibits gluconeogenesis through an early growth response 1--activated dual-specificity protein phosphatase 4--inhibited p38 MAPK pathway in the hepatocyte cell lines. In addition, Horike et al. ([@B41]) showed that activation of AMPK could trigger the inactivation of GSK3-β by phosphorylation (Ser-9), and further reduced cAMP-response element-binding protein (CREB) phosphorylation (Ser-129) and *PEPCK* gene expression in the liver ([@B41]).

GSK3 inhibition has also been found to improve oral glucose disposal by increasing liver glycogen synthesis in a type 2 diabetic rat model ([@B42]). A selective GSK3 inhibitor, L803-mts, has also been shown to suppress CREB-regulated *PEPCK* gene expression, increase the intracellular glycogen level in the liver, and upregulate GLUT-4 expression in the skeletal muscle of *ob/ob* diabetic mice ([@B43]).

However, AMPK-regulated ACC inhibition reduces malonyl CoA content and subsequently leads to reduced fatty acids synthesis and increased mitochondrial fatty acid oxidation in the liver ([@B35],[@B36]). In the current study, we found that pterosin A significantly reversed the decreased phosphorylated AMPK and phosphorylated Akt in the muscles of STZ-induced and *db/db* diabetic mice. Pterosin A also effectively reversed the decreased AMPK, increased phospho-p38, and increased PEPCK expressions in the livers of *db/db* diabetic mice. In cultured human skeletal muscle cells, pterosin A markedly increased the phosphorylation of AMPK. In vitro study in liver cells also showed that pterosin A inhibits 8-bromo-cAMP/dexamethasone-enhanced *PEPCK* mRNA expression, triggers the phosphorylations of AMPK and GSK3, decreases the phosphorylation of glycogen synthase, and increases intracellular glycogen levels. Pterosin A suppressed lipogenic enzyme-ACC activity in the liver cells that may lead to decreased lipogenesis. These results suggest that an AMPK-related signaling pathway is involved in the antidiabetic activity by pterosin A.

Diabetes is known a metabolic disorder and is complicated by multiorgan deterioration. The increasing evidence has suggested that oxidative stress and inflammation may play major roles in diabetes complications ([@B44]). Obesity has been shown to be associated with a state of chronic low-level inflammation ([@B45]). It has been found that the production of reactive oxygen species (ROS) is elevated in obesity, which may further activate the inflammatory pathways ([@B46]). An association of early diabetic nephropathy with increased intrarenal NO generation has been suggested ([@B47]). NO has also been found to contribute to cytokine-induced pancreatic β-cell apoptosis through the pathways of Jun NH~2~-terminal kinase activation and Akt suppression ([@B48]). However, Liu et al. ([@B49]) have suggested that apoptosis and necrosis are both involved in the β-cell death induced by cytokines in which apoptosis is mostly NO-independent, whereas necrosis is NO-dependent. It has been indicated that antioxidants could decrease diabetes complications by protecting from oxidative stress ([@B50]). In the current study, we found that pterosin A is capable of decreasing the increased serum levels of blood urea nitrogen and creatinine (markers of renal function) and aspartate aminotransferase and alanine aminotransferase (markers of liver function) in STZ-induced diabetic mice, indicating that pterosin A possesses hepatorenal protective action during diabetes. Moreover, in vitro study in cultured β-cells showed that pterosin A effectively reversed STZ-reduced cell viability, STZ-increased NO production, and interleukin-1β--increased NO production. These results imply that pterosin A may protect pancreatic β-cells from NO-induced cell damage. However, whether pterosin A can decrease diabetes complications by protecting from oxidative stress needs to be clarified in the future.

In conclusion, pterosin A reverses the reduced GLUT-4 translocation from cytosol to membrane in skeletal muscle and the increased PEPCK expression in the liver of diabetic mice. An AMPK-regulated signaling pathway is involved in the activation of muscle GLUT-4 and inhibition of liver PEPCK expression by pterosin A. Moreover, pterosin A also increases GSK3 phosphorylation and decreases the GS phosphorylation that further enhances intracellular glycogen synthesis in liver cells. We also found that pterosin A effectively reversed islet hypertrophy in *db/db* mice; however, the mechanism needs to be clarified in the future. Taken together, the pterosin A-induced antidiabetic activity is associated with inhibited gluconeogenesis in the liver and enhanced glucose consumption in peripheral tissues. These findings also indicate that pterosin A may be a potential therapeutic option for diabetes.
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